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The peptide transport protein DtpT of Lactococcus lactis was purified and reconstituted into detergent-
destabilized liposomes. The kinetics and substrate specificity of the transporter in the proteoliposomal system
were determined, using Pro-[14C]Ala as a reporter peptide in the presence of various peptides or peptide
mimetics. The DtpT protein appears to be specific for di- and tripeptides, with the highest affinities for peptides
with at least one hydrophobic residue. The effect of the hydrophobicity, size, or charge of the amino acid was
different for the amino- and carboxyl-terminal positions of dipeptides. Free amino acids, v-amino fatty acid
compounds, or peptides with more than three amino acid residues do not interact with DtpT. For high-affinity
interaction with DtpT, the peptides need to have free amino and carboxyl termini, amino acids in the L config-
uration, and trans-peptide bonds. Comparison of the specificity of DtpT with that of the eukaryotic homologues
PepT1 and PepT2 shows that the bacterial transporter is more restrictive in its substrate recognition.
Studies of the transport of peptides across the cell mem-
brane of Lactococcus lactis have established that the organism
uses at least three distinct peptide transport systems (5, 17, 20,
21, 32, 35, 36; Y. Sanz Herranz, F. C. Lanfermeijer, W. N.
Konings, and B. Poolman, submitted for publication). In ad-
dition to the ATP-dependent ATP-binding cassette (ABC)-
type of oligo- and di- and/or tripeptide transport systems, Opp
and DtpP, respectively, L. lactis possesses a proton motive
force-driven di- and/or tripeptide transporter DtpT. This trans-
porter catalyzes the uptake of di- and tripeptides in symport
with a proton(s) and belongs to the peptide transport (PTR)
family (39). This family includes, among others, the PTR pro-
teins of Saccharomyces cerevisiae (PTR2) (31), Candida al-
bicans (CaPTR2) (1), Arabidopsis thaliana (AtPTR2A and
AtPTR2B) (37, 38), rabbit intestine (rbPepT1) (10), and hu-
man intestine (hPepT1) (22).
Considering the wide distribution of the PTR family of sol-
ute transporters throughout nature, the identification of the
structure determinants of the substrates is of technological and
pharmacological importance. The substrate specificity of mem-
bers of this family of PTRs has been most extensively studied
for the mammalian intestinal and renal peptide transporters
(PepT1 and PepT2) (4, 6, 7). These studies indicated that for
interaction with the carrier protein the following structure
properties of the peptides were required: (i) free amino- and
carboxyl-termini, (ii) an amino group and peptide bond nitro-
gen located in the a-position, (iii) trans configuration of the
peptide bond, (iv) L-a-amino acid isomers at both the amino-
and carboxyl-termini, and (v) a backbone length of less than
four amino acid residues (4, 23).
In the present study, we have analyzed the kinetics and the
substrate specificity of the bacterial peptide transporter, DtpT,
in proteoliposomes using Pro-[14C]Ala as reporter peptide.
The inhibition constants (IC50) were determined for peptides
with different side chains at the first, second, or third position
and/or configurations of the peptide backbone, as well as for
peptide mimetics.
MATERIALS AND METHODS
Material. All peptides were composed of L-amino acids unless otherwise
stated. [14C]alanine was obtained from Amersham, Buckinghamshire, United
Kingdom. Ni-nitrilotriacetic acid resin was from Qiagen, Inc., Hilden, Germany.
Decyl-b-D-maltoside (DM) and n-dodecyl-b-D-maltoside (DDM) were from
Fluka, Buchs, Switzerland. Bio Beads SM2 were from Bio-Rad, Hercules, Calif.
Total Escherichia coli lipids and L-a-phosphatidylcholine from egg yolk were
obtained from Avanti Polar Lipids, Alabaster, Ala. All other materials were
reagent grade and were obtained from commercial sources. Prolyl-[14C]alanine
was synthesized from [14C]alanine plus unlabeled N-butyloxycarbonylproline as
described previously (18).
Bacterial strains and growth conditions. L. lactis/pGKHT was grown at 29°C
in M17 medium (Difco) or in chemically defined medium (21) at pH 6.5, sup-
plemented with 0.5% (wt/vol) glucose plus erythromycin (5 mg/ml) as previously
described (18).
Isolation of membrane vesicles. For the isolation of right-side-out membrane
vesicles of L. lactis, cells were lysed as previously described (24). Inside-out
membrane vesicles were isolated as previously described (33) with the following
modifications: the cell wall was digested with 10 mg of lysozyme per ml, the cells
were broken by a twofold passage through a French pressure cell at 20,000 lb/in2,
and DNase was added to a final concentration of 0.1 mg/ml. The membrane
preparations were stored in liquid nitrogen.
Solubilization and purification. The membranes were solubilized by DDM
after preextraction of the membrane vesicles with octaethylene glycol monodecyl
ether (C10E8) as described previously (9) and incubated for 30 min at 4°C with
Ni-nitrilotriacetic acid resin (;4 mg of DtpT/ml of resin), which was equilibrated
with buffer A (50 mM potassium phosphate [pH 8.0], containing 400 mM sodium
chloride and 10% [vol/vol] glycerol) plus 0.1% DDM (buffer B). The column
material was poured into a Bio-Spin column (Bio-Rad) and washed consecutively
with 5 column volumes of buffer B, buffer B plus 5 mM imidazole, and buffer B
plus 15 mM imidazole with the sodium chloride concentration lowered to 200
mM. The protein was eluted with 50 mM potassium phosphate (pH 6.0), 200 mM
sodium chloride, and 200 mM imidazole plus 0.1% DM. The purification was
carried out at 4°C with sterile solutions.
Membrane reconstitution. The purified DtpT protein was reconstituted into
preformed liposomes, prepared from acetone-ether-washed E. coli lipids and
L-a-phosphatidylcholine from egg yolk in a ratio of 3:1 (wt/wt) as previously
described (19) with the following modifications: the liposomes were equilibrated
with 4.1 mM DM for 45 min on ice, and purified DtpT was added at a protein-
to-lipid ratio of 1:100 (wt/wt). The mixture was incubated for 20 min at room
temperature under gentle agitation. For the removal of detergent, polystyrene
beads (Bio Beads SM2; Bio-Rad) were added at a wet weight of 40 mg/ml and
incubated for 1 h at room temperature. Fresh Bio Beads were added twice, and
the samples were incubated at 4°C for 2 h and overnight, respectively. The
proteoliposomes were washed with 50 mM potassium phosphate, pH 6.0, har-
vested by centrifugation (280,000 3 g for 15 min) and stored in liquid nitrogen.
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Transport assays. Artificially imposed ion-diffusion potentials were generated
as previously described (12). Proteoliposomes were resuspended in 20 mM po-
tassium phosphate (pH 6.0), 100 mM potassium acetate (KAc), and 2 mM
MgSO4 and frozen in 0.5-ml aliquots in liquid nitrogen. After the samples were
thawed at room temperature, the proteoliposomes were extruded 11 times
through a 400-nm polycarbonate filter to obtain unilamellar liposomes of rela-
tively homogenous size (19). Subsequently, aliquots of concentrated membrane
suspensions (1 mg of protein/ml) were diluted 50-fold into 120 mM Na-PIPES
[piperazine-N-N9-bis(2-ethanesulfonic acid)] (pH 6.0), containing 2 mM MgSO4,
0.5 mM valinomycin, and Pro-[14C]Ala at varying concentrations. The uptake was
assayed at different time intervals at 30°C, after which the reaction was stopped
by diluting the reaction mixture with 2 ml of ice-cold 0.1 M LiCl. The proteoli-
posomes were collected on 0.45-mm cellulose nitrate filters and washed once
more with 2 ml of the LiCl solution. The data analysis was carried out as
described previously (5).
Protein determination. Protein concentrations were determined with the
Lowry protein assay using bovine serum albumin as a standard. The concentra-
tion and stability of purified DtpT was determined by measuring the absorption
spectrum of the sample between 240 and 340 nm on a Cary 100 spectrophotom-
eter using an extinction coefficient of 1.371 (mg/ml)21 cm21 for DtpT.
RESULTS
Transport kinetics of membrane-reconstituted DtpT pro-
tein. The kinetics of proton motive force-driven Pro-[14C]Ala
uptake was determined from initial rate measurements at pep-
tide concentrations of 5mm to 12.5 mM (Fig. 1). The apparent
affinity constant (Km) was 0.66 6 0.04 mM, and the maximal
rate of uptake (Vmax) was 0.70 6 0.1 mmol/min 3 mg of protein
(mean 6 standard error of three determinations).
Inhibition constants for peptides with different length and
composition. To determine the size exclusion limits of DtpT,
the inhibition of Pro-[14C]Ala uptake was measured in the
presence of Ala, Gly, or alanine- or glycine-containing peptides
(Fig. 2 and Table 1). The results indicate that free amino acids
and peptides with more than three residues did not signifi-
cantly inhibit Pro-Ala uptake. Di- and tripeptides inhibited
Pro-Ala uptake, and DtpT had an approximately 10-fold
higher affinity for di-Ala (IC50, 13.5 6 1.1 mM) than for tri-Ala
(IC50, 152 6 15 mM). The difference in affinity was even larger
for Gly-Gly (IC50, 145 6 15 mM) and Gly-Gly-Gly (IC50, 9.0 6
1.3 mM). To establish whether DtpT has in general the highest
affinity for dipeptides, we also studied the inhibition of Pro-Ala
uptake by di- and tripeptides composed of amino acids of
different molecular size, hydrophobicity, and/or charge. Figure
3 shows that no matter the property of the peptide, dipeptides
always display a higher affinity than the analogous tripeptides.
The highest affinities are observed for hydrophobic dipeptides.
Inhibition constants for peptides with variation in either the
N- or C-terminal amino acid residue. The effects of variations
in the amino-terminal residue of the dipeptide X-Ala on IC50
were determined. The IC50 values were lowest when the ami-
no-terminal residue was hydrophobic (Fig. 4A). The same
trend was true for Ala-X peptides when the carboxyl-terminal
residue was varied (Fig. 4B). The IC50 values for Ala-Ala,
Ala-Leu, and Ala-Phe were almost 80-fold lower than that for
Ala-Arg and approximately 20-fold lower than that for Ala-
FIG. 1. Kinetic analysis of proton-driven uptake of Pro-[14C]Ala. Proteoli-
posomes preloaded with 20 mM KPi, 100 mM KAc, and 2 mM MgSO4 (pH 6.0)
were diluted 50-fold into 120 Na-PIPES, 2 mM MgSO4, 0.5 mM valinomycin (pH
6.0), plus Pro-[14C]Ala at concentrations ranging from 0.065 to 10 mM. The inset
shows the Eadie-Hofstee transformation of the data; V is the rate of Pro-Ala
uptake (in nanomoles per minute per milligram of protein) and S is the milli-
molar concentration of Pro-Ala in the medium.
FIG. 2. Inhibition of Pro-[14C]Ala uptake by Ala and Ala-containing pep-
tides. Uptake of Pro-[14C]Ala (65 mM, final concentration) was determined as
described in the legend to Fig. 1, in the absence and presence of increasing
concentrations of alanine and alanine-containing peptide series (0.01 to 10 mM).
Uptake of Pro-Ala measured in the absence of inhibitors was taken as 100% (46
nmol/min 3 mg of protein). Symbols: F, alanine; E, Ala-Ala; , Ala-Ala-Ala; ,
Ala-Ala-Ala-Ala; n , Ala-Ala-Ala-Ala-Ala.
TABLE 1. Inhibition of Pro-Ala uptake by amino
acids and peptidesa
Amino acid and peptide IC50 (mM)
Gly ........................................................................................ .50
Gly-Gly................................................................................. 0.15 6 0.02




Ala-Ala................................................................................. 0.014 6 0.001
Ala-Ala-Ala ......................................................................... 0.15 6 0.02
Ala-Ala-Ala-Ala.................................................................. .30
Ala-Ala-Ala-Ala-Ala .......................................................... .30
a The IC50 values were derived from plots similar to that shown in Fig. 2, using
65 mM Pro-[14C]Ala and different concentrations of amino acids or peptides. At
time zero, proteoliposomes in 20 mM KPi, 100 mM KAc, and 2 mM MgSO4 (pH
6.0) were diluted 50-fold into 120 mM Na-PIPES and 2 mM MgSO4 (pH 6.0)
plus 0.5 mM valinomycin, and the transport reaction was terminated after 45 s;
values are the averages of two measurements. The standard error is given for
each value.
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Glu. Similar effects were observed when the carboxyl-terminal
position of the tripeptide Gly-Gly-X was varied (Fig. 4C).
Thus, DtpT seems to display the highest affinity for hydropho-
bic peptides, and at every position the preferred residues fol-
low the order Phe . Leu . Ala . Glu . Arg.
Stereospecificity. To study the stereospecificity of DtpT, the
IC50 values of dipeptides with L- or D-alanine residues were
determined (Table 2). Substitution of the N-terminal L-Ala for
the D-isomer in L-Ala–L-Ala resulted in a 2,000-fold reduction
in affinity. When the C-terminal L-Ala residue was replaced by
the D-isomer, a 200-fold reduction in affinity was observed. As
anticipated, the IC50 value was highest for D-Ala–D-Ala.
Effect of blocking the N- and C-terminal groups. To analyze
whether a free amino- or carboxyl-terminus is important for
interaction with DtpT, various dipeptides with either a blocked
amino or carboxyl group were tested (Table 2). In all cases,
when the N or C terminus was blocked the affinity was seriously
reduced, but significant inhibition by the peptide analogue was
still observed.
Importance of the secondary amino group and modification
of the peptide bond. The importance of a free amino group was
analyzed by comparing the relative affinity of b-Ala-His with
that of the corresponding a-amino dipeptide (Table 2). The
dipeptide with the amino group in the a position had much
higher (over 100-fold) affinity than the dipeptide with the
amino group in the b position. Also, peptides with an imino
group, such as Pro-Ala and Ala-Pro, exhibited relatively low
affinity when compared with Ala-Ala. When the peptide bond
nitrogen was modified, e.g., by replacement of the hydrogen by
a CH3 group, as in Gly-Sar, the affinity dropped 50-fold with
respect to that of Gly-Gly.
Peptides with N-terminal carbobenzoxy group. To deter-
mine whether some amino acid mimetics could substitute for
amino acids (Fig. 5), we compared the IC50 value of Phe-
containing peptides with those that had a carbobenzoxy (Z)
group at the first position (Table 2). Z-Phe displayed signifi-
cant affinity (IC50, 2.5 6 0.6 mM), which suggests that the Z
group can substitute the amino-terminal residue. The carbo-
benzoxy groups at the amino-terminal end of di- and tripep-
tides reduced the affinity. A 200-fold reduction in affinity was
observed when Z-Phe-Phe was compared with Phe-Phe, but
the reduction in affinity was only 4- to 5-fold when compared
with Phe-Phe-Phe. Overall, these results indicate that carbo-
benzoxy group partially mimics the amino-terminal amino
acid.
v-Amino fatty acid compounds. A zwitterionic amino acid
group separated by a distinct molecular distance is one of the
most important features of substrates of the mammalian pep-
tide transporters (7). The interaction of DtpT with v-amino
fatty acids (Fig. 5), which possess an N-terminal amino group
and a C-terminal carboxyl group and a hydrocarbon rather
than a peptide backbone, was studied. No significant inhibition
of Pro-[14C]Ala uptake was observed when either 4-amino-
butanoic acid, 5-amino-pentanoic acid, 6-amino-hexanoic acid,
FIG. 3. IC50 values for dipeptides and tripeptides. Uptake of Pro-[14C]Ala
(65 mM, final concentration) was determined as described in the legend to Fig.
1 in the presence of various competing peptides. The IC50 values for different
inhibitors were calculated as described in Materials and Methods. The error bars
indicate the standard deviations from the means of two independent experi-
ments.
FIG. 4. IC50 values for peptides differing at the amino- or carboxyl-terminal residue. Uptake of Pro-[14C]Ala (65 mM, final concentration) was determined as
described in the legend to Fig. 1 in the presence of various competing peptides. The IC50 values for different inhibitors were calculated as described in Materials and
Methods. X corresponds to the variable amino acid at position 1 (A), 2 (B), and 3 (C). The error bars indicate the standard deviations from the means of two
independent experiments.
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7-amino-heptanoic acid, or amino-octanoic acid was used up to
a concentration of 50 mM.
DISCUSSION
In this study, we provide evidence for a number of important
findings with regard to the substrate specificity of DtpT. We
stress that the specificity data are obtained from measurements
in which the peptide or peptide analogue competes with the
uptake of Pro-[14C]Ala. Inhibition of Pro-[14C]Ala uptake
does not necessarily imply that the tested substrate is indeed
transported by DtpT. The following can be concluded. (i) The
affinities of peptides tested vary from mM to mM. (ii) Free
amino- and carboxyl-termini are both important but not suffi-
cient for high affinity interaction with DtpT. (iii) An amino-
group and peptide-bond nitrogen located in the a-position is
important for high-affinity interaction. (iv) Peptides with a
trans peptide bond interact with a higher affinity than those
that are in the cis configuration. (v) The highest affinity is
observed with L-a-amino acid isomers at both amino and car-
boxyl termini. (vi) Hydrophobic amino acids located at the P1
position of the dipeptide increase the affinity. (vii) Charged
amino acids located at the P2 position of a dipeptide or tri-
peptide have a decreased affinity. (viii) Charged amino acids
located at the P3 position of tripeptides decrease the affinity.
(ix) Dipeptides have a higher affinity than analogous tripep-
tides. (x) Hydrophobic peptides display a higher affinity than
hydrophilic peptides. (xi) In most cases, cationic peptides have
a significantly lower affinity than neutral or anionic substrates.
(xii) Phe or Phe-containing di- or tri-peptides with a carboben-
zoxy group at the amino terminus compete effectively with the
uptake of Pro-[14C]Ala. (xiii) Free amino acids or peptides
with a backbone of more than three amino acid residues are
not accepted as substrates. (xiv) v-Amino fatty acid com-
pounds are not substrates of the DtpT system.
FIG. 5. Structures of phenylalanine-containing peptides and those with a carbobenzoxy group at the first position; the structure of the peptide mimetics
4-amino-butanoic acid and 5-amino-pentanoic acid are also shown.
TABLE 2. Effect of peptide modification and configuration
on the ligand affinity of DtpTa
Peptide (analog) IC50 (mM)
L- or D-amino acid residue
Ala-Ala ............................................................................. 0.014 6 0.001
D-Ala-Ala......................................................................... 28.7 6 2.8
Ala-D-Ala......................................................................... 2.76 6 0.55
D-Ala-D-Ala .................................................................... .50
Blocking of the N- or C-terminal group
Phe-Phe............................................................................. 0.003 6 0.001
Ac-Phe-Phe ...................................................................... 15.4 6 2.4
Pro-Ala ............................................................................. 0.62 6 0.10
Z-Pro-Ala ......................................................................... 16.8 6 3.6
Gly-Gly ............................................................................. 0.15 6 0.02
Gly-Gly-NH2 .................................................................... 16.0 6 2.7
Gly-Gly-OEt..................................................................... 11.9 6 1.2
Secondary amino group and configuration of
the peptide bond
Ala-His.............................................................................. 0.28 6 0.03
b-Ala-His.......................................................................... .30
Ala-Pro ............................................................................. 0.08 6 0.03
Gly-Sar.............................................................................. 6.6 6 0.6
N-terminal carbobenzoxy group
Phe .................................................................................... .30
Z-Phe ................................................................................ 2.52 6 0.59
Z-Phe-Phe ........................................................................ 0.69 6 0.06
Phe-Phe-Phe..................................................................... 0.16 6 0.02
Z-Phe-Phe-Phe ................................................................ 3.49 6 0.49
a Experimental conditions are the same as described in the footnote to
Table 1.
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The substrate specificity of members of the family of peptide
transporters is best known for the mammalian intestinal and
renal peptide transporters PepT1 and PepT2. Although PepT1
and PepT2 have only about 50% identity in amino acid se-
quence, both transporters have a similar specificity pattern and
transport almost all possible dipeptides, tripeptides, and nu-
merous peptidomimetics. The main difference between these
two peptide transporters is that PepT2 has a different recogni-
tion pattern for b-lactam antibiotics, a higher structure restric-
tion of certain substrates, and overall a higher affinity than
PepT1 (2–4, 6, 7, 13, 14, 41). From a comparison of our data
with that of the mammalian transporters, it is apparent that
DtpT is more restrictive in its specificity than PepT1 or PepT2:
(i) unlike Pep T1, DtpT does not accept v-amino fatty acids as
substrates; (ii) in contrast to PepT2, the affinity of DtpT is not
reduced when a basic or acidic amino acid replaces a neutral
residue at the N-terminal position; (iii) DtpT is more selective
for L-isomers at the N-terminal position than PepT2; and (iv)
DtpT is more selective for dipeptides than for tripeptides,
whereas PepT2 has very similar affinities for both.
The most extensively studied peptide transporters in pro-
karyotes are those of E. coli and Salmonella enterica serovar
Typhimurium. These gram-negative bacteria contain at least
three peptide transport systems with different but overlapping
specificities. The Opp system, which belongs to the ABC su-
perfamily, can transport a wide variety of natural or modified
peptide substrates composed of two to five amino acids (16,
25–27, 40). Translocation of longer peptides in gram-negative
bacteria may be restricted by the upper size exclusion limits of
the outer membrane pores and is not a property of the system
itself (29). Such a limitation is not present in gram-positive
bacteria; for instance, Opp of the gram-positive bacterium L.
lactis can facilitate the uptake of peptides of up to 18 amino
acid residues (5, 20). This property has been further confirmed
by binding studies which indicate that OppA, the peptide bind-
ing subunit of Opp, could bind peptides with at least 12 amino
acid residues (21). Our studies indicate that there are no com-
mon properties shared with this class of peptide transport
systems, as DtpT interacts with peptides which are not longer
than three amino acid residues.
The second peptide transport system (Tpp) of E. coli has
been shown to transport a wide variety of tripeptides; the
system appears to be less effective in the uptake of dipeptides.
Its mechanism of energy coupling to transport and structure
are not known, and it is not clear whether or not Tpp belongs
to the ABC superfamily (like Opp) or to a family of secondary
transport proteins (like DtpT). Tpp shows similarities to the
Opp system in its requirement for a positively charged amino
terminus and its ability to transport peptides without a free
C-terminal carboxyl group (15, 29). Similar to Tpp of E. coli,
the DtpT system of L. lactis has higher affinities for hydropho-
bic di- and tripeptides (11; Sanz Harranz et al., submitted). The
DtpT system of L. lactis has fundamentally different properties
in substrate specificity: the preferred substrates are dipeptides,
the amino-terminal residue does not have to be charged, a
charged residue at carboxyl-terminus drastically reduces the
affinity, and free N- and C-terminal groups are both important
for interaction with the protein.
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